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Abstract 
The ballistic performance of an ultra-high hardness armour steel manufactured by Bisalloy Steels in 
Australia, BIS UHH, has been evaluated for a range of thicknesses and obliquities against armour 
piercing and fragmentation surrogate projectiles. The performance of the material against armour 
piercing projectiles was assessed against MIL-DTL-32332 and found to meet the Class 2 requirement 
for 7.62 mm APM2 projectiles and the Class 1 requirement for 12.7 mm APM2 projectiles. The 
performance against armour piercing (AP) projectiles was also compared to a different commercial 
UHA steel, and was found to be comparable or superior for the two conditions investigated. 
Historical data on other grades of Bisalloy steel plate was used to characterize the effect of plate 
hardness on performance against both AP and fragmentation surrogate threats. For AP projectiles, a 
complex relationship was observed that corresponded well with phenomenological curves which 
describe the effect of varying plate and projectile failure mechanisms. For fragment surrogates, the 
performance was found to initially decrease with increasing hardness up to ~450 HB, above which 
the performance plateaued. Microscopy was performed on recovered plug samples of the Bisalloy 
UHA material, from which adiabatic shear bands could be clearly identified.  
1. Introduction 
Ultra-high hardness armour (UHA) steel plate (>570 HB [1]) has been demonstrated to provide 
significant improvements in protection against steel and tungsten alloy core armour piercing (AP) 
projectiles compared to standard MIL-DTL-46100E high-hardness steel plate (e.g. [2]). Bisalloy Steels 
Pty Ltd. manufacture a quenched and tempered UHA steel - Bisplate Ultra High Hardness Armour 
Plate (herein referred to as BIS UHH). The chemical composition and representative mechanical 
properties of the material are listed in Table 1 and Table 2, respectively. 
 
Table 1: Chemical composition of BIS UHH steel. 
C 
max 
P 
max 
Mn 
max 
Si 
max 
S 
max 
Ni 
max 
Cr 
max 
Mo 
max 
B 
max 
CE(IIW) 
typ 
CET 
typ 
0.45 0.020 0.50 0.35 0.005 1.00 1.20 0.30 0.002 0.75 0.52 
 
Table 2: Mechanical properties of BIS UHH steel. 
Thickness 
[mm] 
Brinell Hardness 
[HB] 
Charpy V-notch @ -40C 
(10  10 mm), transverse+ 
[J] 
>12 570-640 min. 8 
+in accordance with AS 1544.2 
BISS UHH is shown in Figure 1 to have a martensitic structure, exhibiting mainly lath morphology 
with a small amount of plate form also present. The predominance of the lath martensite is 
expected for steels of this carbon content (max. 0.45%). 
                                                          
*
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Figure 1: Microstructure of the BIS UHH showing martensitic structure with mainly lath morphology.  
The present study assesses the performance of BIS UHH against armour piercing and fragmentation 
threats and will support data previously published by the U.S. Army Research Laboratory [2][3][4][5]. 
2. Test Projectiles 
Testing has been performed with the 7.62 mm APM2 steel core armour piercing projectile, 12.7 mm 
APM2 steel core armour piercing projectile, and 12.7 mm fragment simulating projectile (FSP). 
Schematics and nominal characteristics of the projectiles are provided in Figure 2 through Figure 4. 
 
Component Material Weight 
[g] 
Jacket Copper 4.2 
Core Steel*  5.3 
Point filler Lead 0.8 
Base filler Lead 0.5 
Total: 10.8 
* Hardened steel, Rc = 58-64 
Figure 2: Details of the 7.62 mm APM2 projectile. 
 
Component Material Weight 
[g] 
Jacket Copper 16.4 
Core Steel*  25.9 
Point filler Lead 3.6 
Total: 45.9 
* Hardened steel, Rc = 61-66 
 
Figure 3: Details of the 12.7 mm APM2 projectile. 
 
Component Material Weight 
[g] 
FSP Steel* 13.4 
* Hardened steel, Rc = 30 
 
 
Figure 4: Details of the 12.7 mm flat back fragment simulating projectile. 
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3. Results 
Ballistic performance was assessed in terms of the velocity representing a 50th percentile probability 
that perforation of the armour plate will occur leading to light transmission through a 0.5 mm thick 
aluminium alloy witness sheet located 152 mm from the rear face of the armour target, V50 (as per 
MIL-STD-662 [6]). The average of an equal number of partial penetration (PP) and complete 
penetration (CP) results is used to determine the V50, with a minimum of six shots (i.e. three each of 
CP and PP). The calculated V50’s and associated standard deviations, , are presented in Table 3 
through Table 5. Examples of target photographs are also provided in Figure 5 and Figure 6.  
 
Table 3: 7.62 mm APM2 data. 
Material Thickness 
[mm] 
Hardness 
[HB] 
Incidence 
[deg] 
V50 
[m/s] 
 
[m/s] 
No. of shots 
for V50 
BIS UHH 9.8 590 0 865 25 10 
BIS UHH 7.4 589 30 910 21 14 
BIS UHH 9.8 590 30 965 20 10 
Table 4: 12.7 mm APM2 data. 
Material Thickness 
[mm] 
Hardness 
[HB] 
Incidence 
[deg] 
V50 
[m/s] 
 
[m/s] 
No. of shots 
for V50 
BIS UHH 10.2* 627 0 665 39 10 
BIS UHH 12.2 614 0 686 22 10 
BIS UHH 11.5 567 30 795 16 14 
BIS UHH 12.2 614 30 796 29 10 
 *Final thickness achieved by wash-grinding nom. 12 mm thick plate, material removed from both surfaces 
 
Table 5: 12.7 mm FSP data. 
Material Thickness 
[mm] 
Hardness 
[HB] 
Incidence 
[deg] 
V50 
[m/s] 
 
[m/s] 
No. of shots 
for V50 
BIS UHH 10.2* 627 0 727 20 8 
BIS UHH 12.2 614 0 833 15 14 
 *Final thickness achieved by wash-grinding nom. 12 mm thick plate, material removed from both surfaces 
 
  
Figure 5: Front (left) and rear (right) damage to the 12.2 mm thick BIS UHH plate impacted by 12.7 mm APM2 at 0 (shot 
IDs 1 through 15) and 12.7 mm calibre FSP at 0 (shot IDs 170 through 192). 
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Figure 6: Front (left) and rear (right) damage to the 7.4 mm thick BIS UHH plate impacted by 7.62 mm APM2 at 0. 
In Figure 7 the results of the ballistic testing are plotted against the required ballistic performance 
specified in MIL-DTL-32332 [1]. Against the 7.62 mm APM2 projectile at 30 BIS UHH is shown to 
meet the Class 2 requirement. Against the 12.7 mm APM2 projectile at 30 BIS UHH is shown to 
meet the Class 1 requirement, but not the Class 2 requirement. The error bars shown in the figure 
represent the V50 standard deviation, . 
  
Figure 7: BIS UHH ballistic test results compared to MIL-DTL-32332 requirement [1]. Left: 7.62 mm APM2 at 30; right: 
12.7 mm APM2 at 30. Error bars represent one standard deviation of the data used to determine the V50. 
4. Discussion 
4.1. Mass efficiency 
The mass efficiency of an armour system is simply a comparative measure of the mass per unit area 
of armour required to stop a certain threat, relative to that of a traditional armour such as Rolled 
Homogeneous Armour steel (RHA) required to stop the same threat. Here, the mass efficiency is 
defined as: 
𝐸𝑚 =
𝑡𝑟𝑒𝑓 × 𝜌𝑟𝑒𝑓
𝑡 × 𝜌
 (1) 
  
where t is the thicknesses required to just defeat the projectile of interest,  is the volumetric 
density, and subscript ref refers to the reference material, here RHA.  
The mass efficiency of the BIS UHH, relative to MIL-DTL-12560 RHA [7] is listed in Table 6 for the 
thicknesses and projectiles tested. Against AP rounds, the performance is shown to be superior in all 
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cases (i.e. Em > 1), while for the FSPs the performance is worse than that of conventional RHA (i.e. Em 
< 1). Against AP projectiles the mass efficiency is seen to vary between 1.23 – 1.62, suggesting that 
relationships between V50, impact obliquity, projectile calibre, and plate thickness are different for 
BIS UHH than those of MIL-spec RHA. The range of calculated mass efficiencies are plotted in Figure 
8 for further clarification.   
Table 6: Mass efficiencies of tested BIS UHH plates relative to Rolled Homogeneous Armour steel (RHA). 
Thickness 
[mm] 
Hardness 
[HB] 
Projectile Incidence 
[deg] 
V50 
[m/s] 
Em 
[-] 
9.8 590 7.62 mm APM2 0 865 1.39 
7.4 589 7.62 mm APM2 30 910 1.52 
9.8 590 7.62 mm APM2 30 965 1.30 
10.2 627 12.7 mm APM2 0 665 1.62 
12.2 614 12.7 mm APM2 0 686 1.44 
11.5 567 12.7 mm APM2 30 795 1.30 
12.2 614 12.7 mm APM2 30 796 1.23 
10.2 627 12.7 mm FSP 0 727 0.72 
12.2 614 12.7 mm FSP 0 833 0.73 
 
 
Figure 8: Mass efficiency of BIS UHH relative to MIL-DTL-12560 RHA for the range of projectile conditions tested. 
 
4.2. The effect of plate hardness on performance 
A complex relationship exists between the hardness of an armour steel plate and its ballistic 
performance, shown schematically in Figure 9. For protection against AP projectiles, initial 
improvements occur with increases in plate hardness. Beyond a certain point however, increased 
plate hardness results in decreased protection due to an increased susceptibility of the material to 
adiabatic shear plugging. Upon impact, the plate material under the projectile is rapidly accelerated, 
creating a velocity discontinuity which gives rise to plastic localization under adiabatic conditions [8]. 
The lack of thermal diffusion results in high temperatures that overcome strain- and strain-rate 
hardening effects, causing a catastrophic drop in strength. These bands, referred to as adiabatic 
shear bands (ASBs), propagate through the plate thickness, resulting in plate failure at low energy 
levels compared with other classical failure models, e.g. ductile hole formation, dishing, disking, etc. 
Returning to the description of Figure 9, further increases in plate hardness results again in improved 
performance, now as a result of projectile fracture. At very high hardness levels, a lack of toughness 
can result in brittle fracture of the steel plate and thus erratic behavior, depending on the specific 
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steel tested. Manganello and Abbott [9] suggested a similar relationship to that of Woodward [10] 
between the hardness of a homogeneous steel plate and its penetration resistance against piercing 
projectiles. In the case of [9], however, hardness values were specified for the various failure 
regimes, see Figure 9. 
 
 
 
 
Figure 9: The relationship between the hardness of a monolithic armour steel plate and its performance against armour 
piercing projectiles. Changes in failure mechanisms result in a complex, discontinuous relationship between plate hardness 
and penetration resistance, expressed phenomenologically (left, from [10]), and specified in terms of hardness values 
(right, from [9]) for an unspecified armour piercing projectile.  
 
In a prior study [3] the relationship between ballistic performance and plate hardness was 
investigated for a range of Bisalloy steel products against small caliber armour piercing (AP) 
projectiles and fragment simulating projectiles (FSPs). For AP projectiles the performance was found 
to improve with increasing plate hardness until a threshold of ~400 HB. Above this, the performance 
was found to plateau against 7.62 mm APM2, and decrease against 12.7 mm APM2 projectiles 
(albeit minimally, within one standard deviation of the measured V50). The BIS UHH results have 
been added to those from [3] and are shown in Figure 10. The BIS UHH demonstrates a significant 
increase in ballistic performance over the other grades of armour steel for both the 7.62 mm APM2 
and 12.7 mm APM2 projectiles. One reason for this is that the plate hardness is sufficiently high to 
consistently fracture the projectile. In all ballistic tests performed on the UHH, an intact core was 
only recovered once. This suggests that for projectiles with core hardnesses of nominally 61-66 Rc, 
nominally 600 HB plates would be located in the projectile break-up regime shown in Figure 9, in 
good agreement with [9]. This is in contrast to tests performed on nominally 500 HB plates, which 
typically demonstrate a complex mix of shattered and intact projectile cores. Inconsistent shattering 
of projectile cores can often lead to difficulties in defining an experimental V50 due to a large zone of 
mixed results or shatter gap (see e.g. [11] for more details). For the 12.7 mm APM2 result in Figure 
10, this inconsistency is realized as large error bars representing the standard deviation of the V50 
data. Thus, against the 7.62 mm and 12.7 mm APM2 projectiles, nominally 500 HB steel is 
considered to lie about the transition of the adiabatic shear and projectile break-up regions depicted 
in Figure 9. Again, this shows good agreement with the Manganello and Abbott curve reproduced in 
Figure 9. 
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Figure 10: The performance of Bisplate armour steel grades of increasing hardness against armour piercing projectiles, 
incorporating data from [3]. (a) nom. 10 mm thick plate against 7.62 mm APM2 projectiles at 0 incidence; (b) nom. 12 mm 
thick plate against 12.7 mm APM2 projectiles at 0 incidence. Error bars represent one standard deviation from the V50. 
 
For FSPs, the performance of Bisplate armour steels was found in [3] to decrease with increasing 
hardness. Figure 11 shows that there is a fall-off in ballistic resistance commencing at approximately 
330 HB, as observed by other workers (e.g. [12] for hardened cylindrical projectiles). Similar to the 
performance against AP projectiles, a plateau was observed for plate hardnesses above ~450 HB. In 
Figure 11 the BIS UHH data has been added to that from [3], and the performance plateau for plate 
hardnesses above ~450 HB is shown to hold for the two fragment calibres tested.  
  
Figure 11: The performance of Bisplate armour steel grades of increasing hardness against 12.7 mm calibre fragment 
simulating projectiles at 0 incidence, incorporating data from [3]. (a) nom. 10 mm thick plate; (b) nom. 12 mm thick plate. 
Error bars represent one standard deviation from the V50. 
 
The required hardness of MIL-spec FSPs is 30 RC (ca. 281 HB) [13], significantly lower than that of the 
7.62 mm and 12.7 mm APM2 hardened steel cores (63 RC and 61-66 RC, respectively). As such, 
projectile shatter is not a relevant defeat mechanism. Rather, with increasing plate hardness, the 
target plate becomes increasingly susceptible to failure by adiabatic shear plugging (see e.g. [14] for 
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more details). Woodward [15] developed an analytical model for metal targets which fail in adiabatic 
shear plugging. For such targets, only the initial projectile interaction with the target results in work 
done. Once the conditions for adiabatic shearing are met, it is assumed that there is no additional 
energy consumed by the target; the plugs being considered to simply slip out. This characterization 
could be used to explain the behavior observed in Figure 11, where the plateau represents the 
energy to establish an adiabatic shear failure mechanism, beyond which no additional target work is 
effectively performed. 
 
In Figure 12 some typical images taken of the plugged plate material are shown. Adiabatic shear 
failure is defined by the presence of ASBs, which can be detected in metallographic specimens as 
they resist etching and appear as narrow, white-etching bands that contrast with the rest of the 
steel microstructure that more readily etches. For the specimens evaluated the width of the ASBs 
varied from submicron to ~50 m. The fainter white bands in the images are a result of segregation 
of alloying elements during the casting and hot rolling process. They form parallel to the rolling 
direction, and thus can be used as a reference for the directionality of the ASBs. The majority of the 
ASBs formed in the shear direction, which is parallel to the projectile velocity direction. The cracks 
preferentially propagated along the ASBs, leading to plug ejections.  
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Figure 12: Typical images taken from plug samples of BIS UHH after ballistic testing. The bold white lines represent 
adiabatic shear bands, while the fainter white lines are segregation bands arising from the steel making process.  
The hardness values in the ASB and regions close to the ASB were measured using a Vickers 
microhardness probe. An example of the test locations and results are shown in Figure 13. The ABS 
region is shown to exhibit significantly higher hardness than the parent metal. While some attribute 
the formation of ABSs in steels to a martensitic phase transformation caused by rapid heating and 
cooling, there is no consensus for this explanation. Indeed the white etching effect and very high 
hardness can be caused by an ultra-fine grained structure, though phase transformations may be 
possible in some circumstances [16]. Additional measurements not listed in Figure 13 were 
performed at the interface of the ASB and steel matrix (dark region in the image). In this area lower 
hardness values were obtained, possibly as a result of thermal softening/over tempering. 
 
 
 
Test # 0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
HV25g 806 863 824 806 636 737 691 706 691 600 691 691 636 555 650 
 
Figure 13: Hardness testing of a 9.8 mm thick BIS UHH plate in the ASB and regions close to the ASB following ballistic 
testing. The nominal hardness of the plate prior to ballistic testing was 590 HB. The width of the ASBs varied from 
submicron to ~50 m, in the image shown the measured width was ~15 m. Additional measurements were made at the 
interface of the ASB and steel matrix, visible as the dark regions bounding the ASB. In this area lower hardnesses were 
recorded. 
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4.3. Comparison with other UHA materials 
During the BIS UHH ballistic test program another commercial UHA steel was tested to provide 
comparative performance. Two conditions were tested: nominally 10 mm thick plate against 7.62 
mm APM2 at 0, and; nominally 12 mm thick plate against 12.7 mm APM2 at 0. For both conditions, 
the BIS UHH provided comparable or superior performance, see Figure 14. Although both plates 
were observed to fail in shear plugging, the ejected plug was different for the two materials. For the 
BIS UHH, a single plug with thickness near that of the original plate was typically recovered. For the 
other UHA steel the plugs were typically much thinner, and were often fractured into multiple 
pieces. Microscopy performed on the plug samples identified a large number of secondary cracks 
which did not follow the shear direction, leading to fragmentation. The BIS UHH plug samples 
experienced more plastic deformation compared to the UHA steel used as a baseline. An example of 
the secondary cracking is shown in Figure 15. 
 
 
 
Figure 14: Comparison of the performance of nom. 10 mm thick and nom. 12 mm thick BIS UHH with a baseline 
commercial UHA steel against 7.62 mm APM2 and 12.7 mm APM2 projectiles at normal incidence (0), respectively. Error 
bars represent one standard deviation from the V50. 
 
  
Figure 15: Examples of secondary cracking in the plug samples recovered during ballistic testing on the commercial UHA 
steel used to baseline the performance of BIS UHH. Secondary cracks lead to fragmentation of the plug specimens, and 
these plugs displayed less plastic deformation than observed in samples of the BIS UHH plugs. 
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5. Conclusions 
The ballistic performance of Bisalloy Australia’s Ultra High-Hardness armour steel (BIS UHH), a 
nominally 600 HB quenched and tempered plate, has been investigated for a range of thicknesses 
and obliquities against armour piercing and fragmentation surrogate threats. The ballistic 
performance of the material was compared to historical data for other Bisalloy steel grades, and was 
shown to be superior when compared to steel grades of lesser hardness for two calibres of armour 
piercing threats. The effect of plate hardness on ballistic limit velocity, V50, for Bisalloy steels was 
shown to replicate phenomenological trends based on changing plate and projectile failure 
mechanisms. Against a fragmentation surrogate threat, where the performance is typically expected 
to decrease with increasing plate hardness, a plateau was observed in the measured V50 for 
hardnesses above ~450 HB. This plateau in performance was consistent with analytical models 
describing plates which fail under adiabatic shear plugging. Microscopy was performed on plug 
samples recovered during the ballistic testing, in which the formation of adiabatic shear bands in the 
direction of the projectile impact was clearly visible. The performance of the BIS UHH plate was 
baselined against the requirements of MIL-DTL-32332 and was found to meet the Class 2 
requirement for 7.62 mm APM2 projectiles and the Class 1 requirement for 12.7 mm APM2 
projectiles. The performance was also compared with another commercially available UHA steel, for 
which comparable performance of two nominally identical plate thicknesses against 7.62 mm APM2 
and 12.7 mm APMS projectiles at 30 obliquity. Although the perforation limit was comparable, 
differences were noted in the ejected plug material. The BIS UHH was found to typically eject intact 
plugs of plate material close to the thickness of the original plate, while plugs ejected from the other 
UHA material experienced secondary cracking and fragmentation.  
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